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We provide an extensive characterization of the modulation by p-nitrophenylphosphate, Mg2+, Na+, K+,
Rb+, NHþ4 and pH of gill microsomal K
+-phosphatase activity in the posterior gills of Callinectes ornatus
acclimated to low salinity (21‰). The synergistic stimulation by K+ and NHþ4 of the K
+-phosphatase activ-
ity is a novel ﬁnding, and may constitute a species-speciﬁc feature of K+/NHþ4 interplay that regulates
crustacean gill (Na+, K+)-ATPase activity. p-Nitrophenylphosphate was hydrolyzed at a maximum rate
(V) of 69.2 ± 2.8 nmol Pi min1 mg1 with K0.5 = 2.3 ± 0.1 mmol L
1, obeying cooperative kinetics
(nH = 1.7). Stimulation by Mg2+ (V = 70.1 ± 3.0 nmol Pi min1 mg1, K0.5 = 0.88 ± 0.04 mmol L1), K+
(V = 69.6 ± 2.7 nmol Pi min1 mg1, K0.5 = 1.60 ± 0.07 mmol L1) and NH
þ
4 (V = 90.8 ± 4.0 nmol Pi min
1 -
mg1, K0.5 = 9.2 ± 0.3 mmol L1) all displayed site-site interaction kinetics. In the presence of NH
þ
4 ,
enzyme afﬁnity for K+ unexpectedly increased by 7-fold, while afﬁnity for NHþ4 was 28-fold greater in
the presence than absence of K+. Ouabain partially inhibited K+-phosphatase activity (KI = 320 ± 14.0 -
lmol L1), more effectively when NHþ4 was present (KI = 240 ± 12.0 lmol L
1). We propose a model for
the synergistic stimulation by K+ and NHþ4 of the K
+-phosphatase activity of the (Na+, K+)-ATPase from
C. ornatus posterior gill tissue.
 2012 Elsevier Inc. Open access under the Elsevier OA license. Introduction
The (Na+, K+)-ATPase (E.C.3.6.1.37) is an important member of
the P2C ATPase family of transport proteins found in the plasma
membrane of practically all animal cells [1–4]. Known as the so-
dium pump, this enzyme couples energy furnished by ATP hydro-
lysis to the asymmetrical transport of three Na+ ions from the
cytoplasm to the extracellular ﬂuid against two K+ ions translo-
cated in the opposite direction, maintaining elevated Na+ and K+
gradients across the plasma membrane [2,3,5,6]. The potential en-
ergy of these ionic gradients is employed to drive the secondary
transport of important macromolecules like free amino acids, glu-
cose, and iodine, fundamental to animal cell metabolism [7–9].
The current model of ATP hydrolysis by the (Na+, K+)-ATPase
suggests enzyme cycling between two main conformations: the
E1 conformation, which binds and occludes Na+ from the intracel-).
evier OA license. lular ﬂuid and promotes enzyme phosphorylation; and the E2 con-
formation, which binds and occludes K+ from extracellular ﬂuid,
catalyzing enzyme dephosphorylation and the transport of K+ to
the cytoplasm [2,6,10,11]. The phosphorylated intermediate
formed under physiological conditions results from the transfer
of a phosphoryl group from ATP. As the high-energy intermediate
relaxes to a low energy state owing to conformational changes,
Na+ and K+ are released against their electrochemical gradients.
In addition to furnishing energy for ion pumping, ATP accelerates
K+ deocclusion and the conversion of the E2 K to E1 K form without
undergoing hydrolysis, both rate limiting steps of the (Na+, K+)-
ATPase cycle (for review see [12,13].
Besides ATP, the (Na+, K+)-ATPase also hydrolyzes other phos-
phate-donating substrates like p-nitrophenylphosphate [7,10,14–
16], O-methylﬂuorescein phosphate [17], acetyl phosphate [18],
2,4-dinitrophenyl phosphate and b-(2-furyl)acryloyl phosphate
[19]. Such hydrolytic activity is related to the K+-phosphatase
activity of the enzyme. While there is a good correlation between
the ouabain-inhibitable ATPase and K+-phosphatase activities
1 Abbreviations used: HEPES, N-(2-hydroxyethyl) piperazine-N0-ethanesulfonic acid;
PNPP, p-nitrophenylphosphate ditris salt.
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activity is not yet well understood [7,14,16,20–22]. p-Nitrophenyl-
phosphatase activity and enzyme dephosphorylation, involving
phosphate bond hydrolysis, are both stimulated by K+, and the
p-nitrophenylphosphatase reaction cycle involves the formation
of a phosphorylated intermediate [11]. Although intracellular
K+ stimulates p-nitrophenylphosphate hydrolysis [10] while
extracellular K+ stimulates enzyme dephosphorylation [23],
whether K+-phosphatase activity involves a K+ occluded conforma-
tion is uncertain [16]. However, the E2 form may be the main
conformation involved in p-nitrophenylphosphate hydrolysis
[7,11,24–26]. Recent ﬁndings suggest the existence of an addi-
tional, third Rb+/K+-binding site on the (Na+, K+)-ATPase a-subunit,
located in the P-domain of the cytoplasmic portion and not
directly involved in the binding of the translocated ions. This site
may play a role in the dephosphorylation of E2P induced by K+
binding to the transport sites when in their ‘extracellular facing’
conﬁguration, and in the E2 to E1 transition of the dephosphoryl-
ated enzyme. The afﬁnity of the cytoplasmic K+ binding site is
elevated, and is likely to be saturated at the high intracellular K+
concentration prevailing under physiological conditions [27].
The gills of crustaceans provide a selective interface between
their external environment and the internal body ﬂuids [28,29].
In aquatic crabs, the gills display marked differentiation between
respiratory function, predominantly allied with the anterior gills,
and ionic regulation, mainly associated with the posterior gills
[30]. The (Na+, K+)-ATPase, located in the basolateral membranes
of the epithelial cells, plays a signiﬁcant role in such ion transport
[31–33]. The mechanisms of salt uptake by crab gills have been
intensively studied in estuarine and intertidal species; however,
the exact role of the molecular components that confer such trans-
port capabilities is still a matter of active discussion [34–36].
Osmoregulatory processes in crustaceans constitute a suite of re-
sponses to physiological cues taken from the environment. Most
marine species are essentially isosmotic with their surrounding
medium and are osmoconformers, not supporting strong ﬂuctua-
tions or lengthy exposure to dilute media [28,33–37]. In contrast,
hyperosmoregulating crustaceans ably confront osmotic challenge,
maintaining hemolymph osmolality fairly constant and well above
that of dilute media [28,34–36,38–40].
When hyperosmoregulating crabs are exposed to dilute media,
(Na+, K+)-ATPase activity in the posterior gill epithelia quickly in-
creases [28,33–35,40–42]. During long-term acclimation, changes
in (Na+, K+)-ATPase activity result from altered rates of enzyme
synthesis and degradation allied with post-translational processes
like subunit assembly, membrane trafﬁcking and events mediated
by cell signaling processes [33,43,44], including increased tran-
scription of the a-subunit gene [45–47] and a-subunit protein
expression [45,48,49].
Callinectes ornatus is a benthic swimming crab found along the
western coast of the Atlantic Ocean where it inhabits mud and
shell substrates or the sandy bottom [50–52]. Occasionally, the
crabs can be found near river mouths and in bays [53] but usually
occur from the intertidal zone to around 75 meters depth [51].
Most specimens are taken in waters varying from 18‰ to 35‰
salinity [51,52,54]. The species is considered a weak osmoregulator
[38,49]. We ﬁrst described synergistic stimulation by K+ and NHþ4
as a novel kinetic characteristic of the Callinectes danae gill (Na+,
K+)-ATPase using ATP as a substrate [55], a property subsequently
extended to Macrobrachium olfersi [56], Xiphopenaeus kroyeri [42],
Clibanarius vittatus [57] and Callinectes ornatus [58]. We also dem-
onstrated modulation of the gill enzyme by K+ and NHþ4 in these
species using p-nitrophenylphosphate, a synthetic organic sub-
strate [22,56,59,60].
Given that the stimulation of K+-phosphatase activity of C. orn-
atus (Na+, K+)-ATPase by both K+ and NHþ4 is unprecedented com-pared to all previously investigated (Na+, K+)-ATPases, we now
evaluate how enzyme stimulation by K+ is affected by other ligands
like Na+, NHþ4 , Rb
+ and ATP, and by pH. We provide an extensive ki-
netic characterization of posterior gill microsomal K+-phosphatase
activity in C. ornatus acclimated for 10 days to 21‰ salinity, con-
sidered a hyposmotic challenge for this essentially marine species.
Our ﬁndings demonstrate increased K+-phosphatase activity, cor-
responding to a 2.5-fold increase in (Na+, K+)-ATPase a-subunit
expression. The most important and novel ﬁnding, however, is syn-
ergistic stimulation by K+ and NHþ4 of the K
+-phosphatase activity
of the (Na+, K+)-ATPase, which results in a 6.5-fold increase in
apparent afﬁnity for K+. This is the ﬁrst report of synergistic stim-
ulation of K+-phosphatase activity of the sodium pump, and may
represent an adaptation for NHþ4 excretion.Materials and methods
Materials
All solutions were prepared using Millipore MilliQ ultrapure,
apyrogenic water and all reagents were of the highest purity
commercially available. Tris, imidazole, N-(2-hydroxyethyl)
piperazine-N0-ethanesulfonic acid (HEPES),1 ouabain, p-nitrophe-
nylphosphate ditris salt (PNPP), and alamethicin were from Sigma
Chemical Co. (St. Louis, MO, USA). The protease inhibitor cocktail
(5 lmol L1 leupeptin, 5 lmol L1 antipain, 1 mmol L1 benzami-
dine, 5 lmol L1 phenyl–methane–sulfonyl–ﬂuoride and 1 lmol L1
pepstatin (A) was from Calbiochem (Darmstadt, Germany).Gill dissection
Adult specimens of C. ornatus were caught from Ubatuba Bay
(23 260 S, 45 020 W) in São Paulo State (Brazil) using double rig
trawl nets. The crabs were transported to the laboratory in seawa-
ter from the collection site (34‰ salinity) and were maintained in
tanks containing 32 L aerated 33‰ seawater for two days. Inter-
molt crabs were then osmotically challenged by acclimation to
21‰ salinity for 10 days, and were fed with shrimp tails on alter-
nate days. For each homogenate prepared, 8 crabs were anesthe-
tized by chilling on ice, and the entire carapace was quickly
removed. Posterior gill pairs 6, 7 and 8 were rapidly excised and
placed in 10 mL ice-cold homogenization buffer, consisting of
20 mmol L1 imidazole (pH 6.8), 250 mmol L1 sucrose,
6 mmol L1 EDTA and the protease inhibitor cocktail.Preparation of the gill microsomal fraction
The gills were rapidly diced and homogenized in homogeniza-
tion buffer (20 mL/g wet tissue) using a Potter homogenizer set
at 300 rpm. After centrifuging the crude extract at 20,000g for
35 min at 4 C, the supernatant was placed on crushed ice and
the pellet was resuspended in an equal volume of homogenization
buffer. After further centrifugation as above, the two supernatants
were gently pooled and centrifuged at 100,000g for 90 min at 4 C.
The resulting pellet was resuspended in 20 mmol L1 imidazole
buffer, pH 6.8, containing 250 mmol L1 sucrose (3 mL buffer/g
wet tissue). Finally, 0.5 mL aliquots were rapidly frozen in liquid
nitrogen and stored at 20 C. Under these conditions, no appre-
ciable changes in K+-phosphatase activity were seen after two-
month’s storage (fresh preparation, V = 69.2 ± 2.8 nmol min1 -
mg1; after two month’s freezing V = 65.7 ± 2.6 nmol min1 mg1).
Fig. 1. Stimulation of K+-phosphatase activity by p-nitrophenylphosphate and
Mg2+. Data are the mean ± SEM (N = 3), obtained using duplicate aliquots containing
36.2 lg protein, from three different gill homogenates. K+-phosphatase activity was
estimated in 50 mmol L1 Hepes buffer (pH 7.5), containing 5 mmol L1 KCl and
5 mmol L1 MgCl2 or 10 mmol L1 PNPP, for A and B respectively, in a ﬁnal volume
of 1 mL. (A) p-nitrophenylphosphate. (B) Mg2+. Insets: effect on the stimulation of
ouabain-insensitive p-nitrophenylphosphate activity (s) and total p-nitrophenyl-
phosphatase activity (d).
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used immediately.
Measurement of p-nitrophenylphosphate hydrolysis
The hydrolysis of p-nitrophenylphosphate by the gill micro-
somal fraction was assayed continuously at 25 C by monitoring
the release of the p-nitrophenolate ion (e410 nm pH 7.5 -
= 13160 mol1 L cm1) in a Hitachi U-3000 spectrophotometer
equipped with thermostatted cell holders. Standard assay condi-
tions for C. ornatus acclimated to 21‰ salinity were 50 mmol L1
HEPES buffer, pH 7.5, 10 mmol L1 PNPP, 5 mmol L1 MgCl2, and
5 mmol L1 KCl, in a ﬁnal volume of 1.0 mL. Controls without en-
zyme were included in each experiment to quantify non-enzy-
matic hydrolysis of substrate. Initial velocities were constant for
at least 15 min, provided that less than 5% of the substrate was
hydrolyzed. The reaction rate for each modulator was estimated
in duplicate using aliquots from the same microsomal preparation.
The mean values from three different microsomal homogenates
were used to ﬁt each corresponding saturation curve. p-Nitrophe-
nylphosphatase activity was also estimated in the presence of
3 mmol L1 ouabain to estimate ouabain-insensitive p-nitrophe-
nylphosphate activity. The difference in measured activity in the
absence (total p-nitrophenylphosphatase activity) or presence of
ouabain (ouabain-insensitive p-nitrophenylphosphatase activity)
was considered to represent the K+-phosphatase activity. One en-
zyme unit (U) is deﬁned as the amount of enzyme that hydrolyzes
1.0 nmol of p-nitrophenylphosphate per minute at 25 C, and spe-
ciﬁc activity (U mg1) is given as nmol min1 mg protein1.
Effect of pH on modulation by K+ of K+-phosphatase activity
Modulation by K+ of K+-phosphatase activity was examined
over the pH range 7.0–8.3. Standard assay conditions were
50 mmol L1 HEPES buffer, 10 mmol L1 PNPP and 5 mmol L1
MgCl2 in a ﬁnal volume of 1.0 mL. The reaction media were ad-
justed to pH 7.0, 7.3, 7.5, 8.0 or 8.3 with concentrated Tris solution.
Measurement of protein
Protein concentration was measured according to [61] using bo-
vine serum albumin as the standard.
Estimation of kinetic parameters
The kinetic parameters V (maximum velocity), K0.5 (apparent
dissociation constant) and the nH value (Hill coefﬁcient) for PNPP
hydrolysis were calculated using SigrafW software [62]. The curves
provided are those that best ﬁt the experimental data, given in the
ﬁgures as mean values (±SEM) derived from three different micro-
somal preparations. The kinetic parameters furnished in the tables
are calculated values and represent the mean (±SD) also derived
from three different microsomal preparations. SigrafW can be
freely obtained from <http://portal.ffclrp.usp.br/sites/fdaleone/
downloads>.
Results
The dependence on p-nitrophenylphosphate and Mg2+ of K+-
phosphatase activity in posterior gill microsomes from 21‰-accli-
mated C. ornatus is shown in Fig 1. At saturating K+ (5 mmol L1)
and Mg2+ (5 mmol L1) concentrations, increasing p-nitrophenyl-
phosphate concentrations from 104 to 102 mol L1 stimulated
K+-phosphatase activity, revealing a single saturation curve show-
ing site-site interactions (n = 1.7) with V = 69.2 ± 2.8 nmol min1 -mg1 and K0.5 = 2.3 ± 0.1 mmol L1 (Fig. 1A). Stimulation of
ouabain-insensitive p-nitrophenylphosphatase activity over the
same p-nitrophenylphosphate concentration range corresponds
to about 30% of total p-nitrophenylphosphatase activity (inset to
Fig. 1A). p-Nitrophenylphosphate hydrolysis rates in the presence
and absence of alamethicin are similar (69.2 ± 2.8 nmol min1 -
mg1 and 67.8 ± 1.7 nmol min1 mg1, for control and alamethi-
cin-treated preparations, respectively), revealing highly
permeable microsomes. Apparently, all solutes have unlimited ac-
cess to the intracellular and extracellular sites of the enzyme under
the assay conditions employed.
Under saturating p-nitrophenylphosphate (10 mmol L1) and K+
(5 mmol L1) concentrations, stimulation by Mg2+ of K+-phospha-
tase activity reached a maximum rate of
V = 70.1 ± 3.0 nmol min1 mg1 with K0.5 = 0.88 ± 0.04 mmol L1.
Site-site interactions displayed positive cooperativity (n = 1.9) for
the interaction of Mg2+ with the enzyme (Fig. 1B). Ouabain-insen-
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the same Mg2+ concentration range, corresponding to
V = 28.5 ± 0.8 nmol min1 mg1 (inset to Fig. 1B). Mg2+ concentra-
tions above 20 mmol L1 considerably inhibited p-nitrophenyl-
phosphatase activity (data not shown). Negligible p-
nitrophenylphosphate hydrolysis (less than 3 nmol min1 mg1)
was found below 0.1 mmol L1 Mg2+, and no K+-phosphatase activ-
ity was detected in the absence of Mg2+.
Fig. 2 shows the effect of both K+ and NHþ4 on K
+-phosphatase
activity of the (Na+, K+)-ATPase from gill tissue of 21‰-acclimated
crabs. In the absence of NHþ4 , stimulation of K
+-phosphatase activ-
ity by K+ from 105 to 102 mol L1 exhibited cooperative kinetics
(n = 2.0) and gave a single saturation curve with a maximum rate
of V = 69.6 ± 2.8 nmol min1 mg1 and K0.5 = 1.60 ± 0.07 mmol L1
(Fig. 2A and Table 1). However, at ﬁxed NHþ4 concentrations (fromFig. 2. Stimulation by K+ at progressively increasing NHþ4 concentrations (A), and by
NHþ4 at progressively increasing K
+ concentrations (B). Data are the mean ± SEM
(N = 3), obtained using duplicate aliquots containing 36.2 lg protein, from three
different gill homogenates. K+-phosphatase activity was estimated in 50 mmol L1
Hepes buffer (pH 7.5), containing 10 mmol L1 PNPP and 5 mmol L1 MgCl2, in a
ﬁnal volume of 1 mL. (A) Stimulation by K+ with no (d) NH4Cl. (s) 5 mmol L1
NH4Cl. (N) 10 mmol L1 NH4Cl. (D) 20 mmol L1 NH4Cl. () 30 mmol L1 NH4Cl. (B)
Stimulation by NHþ4 with no (d) KCl. (s) 1 mmol L
1 KCl. (N) 2 mmol L1 KCl. (D)
3 mmol L1 KCl. () 5 mmol L1 KCl.5 to 30 mmol L1), K+-phosphatase activity was synergistically
stimulated by increasing K+ concentrations (105–102 mol L1)
to a maximum rate of V = 88.8 ± 4.1 nmol min1 mg1 (around
30%). K0.5 decreased to 0.25 ± 0.01 mmol L1, representing a 6.5-
fold increase in enzyme afﬁnity for K+ (Table 1). At 30 mmol L1
NHþ4 , increasing K
+ concentrations up to 15 mmol L1 did not dis-
place bound NHþ4 , impeding estimation of K0.5 (Fig. 2A).
The synergism between K+ and NHþ4 at the cationic sites further
stimulated p-nitrophenylphosphate hydrolysis, the speciﬁcity con-
stant (V/K) for K+ increasing from 43.5 (no NHþ4 ) to 325
(20 mmol L1 NHþ4 ). However, the stimulation of K
+-phosphatase
activity by NHþ4 at ﬁxed K
+ concentrations (from 1 to 5 mmol L1)
gave very different results. Independently of K+, V values remained
unchanged at around 90 nmol min1 mg1 as NHþ4 increased from
104 to 50 mmol L1 (Fig. 2B); there was no synergistic effect in the
presence of K+ and NHþ4 . The main kinetic parameters for stimula-
tion by K+ and NHþ4 of gill K
+-phosphatase activity in 21‰- and
33‰-acclimated crabs are given in Table 1. The 28-fold decrease
in K0.5 for NH
þ
4 as K
+ concentration increased up to 5 mmol L1
determined an increased speciﬁcity constant (V/K0.5) of about
273 while that for the 33‰-acclimated crabs was around 10 (Ta-
ble 1). However, V/K0.5 for K+ increased only 7.5-fold (from 43.5
to 324.8) as NHþ4 concentration increased up to 20 mmol L
1, con-
trasting with the 2-fold increase seen for the 33‰-acclimated
crabs.
The effect of Na+ and ouabain on total p-nitrophenylphospha-
tase activity is shown in Fig. 3. In the presence of Na+, p-nitrophe-
nylphosphate is not hydrolyzed by the (Na+, K+)-ATPase. However,
in the presence of K+, Na+ inhibited total p-nitrophenylphosphatase
activity by 90% (Fig. 3A). The Dixon plot gave an inhibition constant
of KI = 9.2 ± 0.4 mmol L1 (inset to Fig. 3A). Inhibition of total p-
nitrophenylphosphatase activity by ouabain concentrations up to
3 mmol L1 was around 70% (Fig. 3B). The Dixon plot for ouabain
inhibition of total p-nitrophenylphosphatase activity gave a calcu-
lated KI = 0.32 ± 0.01 mmol L1. In the presence of 30 mmol L1
NHþ4 , ouabain inhibition also was around 70%, and the calculated
KI was 0.24 ± 0.01 mmol L1.
Fig. 4 shows the competitive inhibition by ATP of K+-phospha-
tase activity. The apparent inhibition constant for ATP estimated
from the ouabain-inhibitable p-nitrophenylphosphatase activity
was KI = 60.0 ± 1.8 lmol L1 (inset to Fig. 4).
The effect of Na+ and pH changes on the modulation by K+ of the
K+-phosphatase activity is shown in Fig. 5. With K+ alone, ouabain-
inhibitable p-nitrophenylphosphate hydrolysis reached a maxi-
mum rate of 69.6 ± 2.8 nmol min1 mg1, showing positive cooper-
ativity (n = 1.7), with K0.5 estimated at 1.6 ± 0.07 mmol L1. As Na+
concentration increased from 10 to 50 mmol L1, K0.5 increased
from 5.6 ± 0.9 to 29.5 ± 3.4 mmol L1 while V decreased to
39.2 ± 0.9 nmol min1 mg1. Rather than affecting cooperativity,
Na+ appears to inﬂuence both maximum hydrolysis rate and en-
zyme afﬁnity for K+ (Fig. 5A and Table 2). The effect of pH on mod-
ulation by K+ of ouabain-inhibitable p-nitrophenylphosphate
hydrolysis is shown in Fig. 5B. A simple pattern of concentration
dependent p-nitrophenylphosphate hydrolysis was evident over
the pH range (7.0–8.3) assayed. Neither the Hill number nor max-
imum hydrolysis rates were sensitive to pH variation between 7.0
and 8.3. However, as pH increased from 7.0 to 8.3, K0.5 increased
from 0.64 ± 0.02 mmol L1 to 6.0 ± 0.5 mmol L1, which resulted
in a 10-fold decrease in the speciﬁcity constant V/K0.5 (Table 2).
The Mg2+ and Rb+ concentration dependence of the K+-phospha-
tase activity of the gill microsomal (Na+, K+)-ATPase was examined
at different K+ concentrations (Fig. 6). Stimulation by Mg2+ of K+-
phosphatase activity was strongly dependent on K+ (Fig. 6A),
increasing from 20.6 ± 0.4 (at 1 mmol L1 KCl) to
70.1 mmol min1 mg1 (at 5 mmol L1 KCl), positive cooperativity
being displayed independently of K+ concentration. However, there
Table 1
Kinetic parameters for the stimulation by K+ and NHþ4 of K
+-phosphatase activity in posterior gill microsomes from Callinectes ornatus acclimated to 21‰ or to 33‰ salinity
(control) for 10 days. Assays were performed in 50 mmol L1 Hepes buffer, pH 7.5, in a ﬁnal volume of 1.0 mL. The effect of each modulator was evaluated under optimal
concentrations of the other. Data are the mean ± SD from three (N = 3) different microsomal preparations.
[KCl] (mmol L1) [NH4Cl] (mmol L-1) 21‰-acclimated crabs 33‰-acclimated crabs (control)
V (U mg1) K0.5 (mmol L1) nH V/K0.5 V (U mg1) K0.5 (mmol L1) nH V/K0.5
Variable 0 69.6 ± 2.8 1.60 ± 0.07 2.0 43.5 28.0 ± 1.4 2.4 ± 0.1 1.9 11.6
Variable 5 71.8 ± 3.2 0.78 ± 0.03 2.4 92.0 – – – –
Variable 10 74.6 ± 3.5 0.64 ± 0.02 1.5 116.5 28.4 ± 1.4 1.0 ± 0.0.5 2.0 28.4
Variable 20 81.2 ± 3.7 0.25 ± 0.01 5.6 324.8 29.9 ± 1.5 1.1 ± 0.06 3.5 27.2
Variable 30 88.8 ± 4.1 – – – 30.2 ± 1.5 0.25 ± 0.01 3.9 120.8
Variable 50 – – – – 31.0 ± 1.5 – – –
0 Variable 90.8 ± 4.0 9.2 ± 0.4 1.9 9.9 32.2 ± 1.5 12.3 ± 0.4 2.2 2.6
1 Variable 92.5 ± 4.4 7.0 ± 0.3 2.5 13.2 32.7 ± 1.6 7.9 ± 0.2 1.7 4.1
2 Variable 92.2 ± 4.2 4.7 ± 0.2 2.1 19.6 32.8 ± 1.7 7.4 ± 0.1 1.4 4.4
3 Variable 92.4 ± 4.3 3.4 ± 0.2 3.0 27.1 32.9 ± 1.7 2.3 ± 0.06 1.4 14.3
5 Variable 90.1 ± 4.0 0.33 ± 0.01 4.1 273.0 32.5 ± 1.5 3.2 ± 0.1 1.7 10.1
10 Variable – – – – 32.8 ± 1.5 – – –
Fig. 3. Inhibition of p-nitrophenylphosphatase activity by Na+ and ouabain. Data
are the mean ± SEM (N = 3), obtained using duplicate aliquots containing 36.2 lg
protein, from three different gill homogenates. K+-phosphatase activity was
estimated in 50 mmol L1 Hepes buffer (pH 7.5), containing 10 mmol L1 PNPP,
5 mmol L1 MgCl2 and 5 mmol L1 KCl, in a ﬁnal volume of 1 mL. (A) Na+. (B)
ouabain. Insets: Dixon plots for estimation of KI.
Fig. 4. Inhibition of K+-phosphatase activity by ATP. Data are the mean ± SEM
(N = 3), obtained using duplicate aliquots containing 36.2 lg protein, from three
different gill homogenates. K+-phosphatase activity was estimated in 50 mmol L1
Hepes buffer (pH 7.5), containing 10 mmol L1 PNPP, 5 mmol L1 MgCl2 and
5 mmol L1 KCl, in a ﬁnal volume of 1 mL. (s) No ATP. (h) 5 lmol L1 ATP. (D)
10 lmol L1 ATP. (}) 50 lmol L1 ATP. Inset: graphical calculation of KI.
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trations, suggesting that K+ does not affect enzyme afﬁnity for
Mg2+. In contrast, the modulation by Rb+ of K+-phosphatase activity
is not dependent on K+ (Fig. 6B). Maximum hydrolysis rate, Hill
number and K0.5 are almost unchanged with Rb+ concentration in-
creases up to 5 mmol L1 (see Table 2).
A detailed comparison of the kinetic parameters calculated for
the stimulation by pNPP and metal ligands, and inhibition by oua-
bain of gill K+-phosphatase activity in 21‰- and 33‰-acclimated
crabs is given in Table 2. Independently of the ligand assayed, max-
imum hydrolysis rates (V) for the 21‰-acclimated crabs are about
3-fold higher than for the 33 ‰-acclimated crabs.Discussion
To examine how modulation by K+ is inﬂuenced by other li-
gands such as Na+, NHþ4 and ATP, and pH, we provide an extensive
characterization of K+-phosphatase activity in a posterior gill
Fig. 5. Effect of Na+ and pH on stimulation of K+-phosphatase activity by K+. Data
are the mean ± SEM (N = 3), obtained using duplicate aliquots containing 36.2 lg
protein, from three different gill homogenates. K+-phosphatase activity was
estimated in 50 mmol L1 Hepes buffer, containing 10 mmol L1 PNPP and
5 mmol L1 MgCl2, in a ﬁnal volume of 1 mL. (A) Na+: (s) absent. (h) 10 mmol L1
NaCl. (D) 20 mmol L1 NaCl. (}) 50 mmol L1 NaCl. (B) pH: (s) 7.0, (h) 7.3, (D) 7.5,
(r) 8.0, (}) 8.3.
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ically challenged by acclimation to a dilute medium (21‰ salinity)
for 10 days. The synergistic stimulation by K+ and NHþ4 of K
+-phos-
phatase activity is a novel ﬁnding. Besides increasing enzyme afﬁn-
ity (K0.5) 7–28-fold, low salinity acclimation also increased reaction
rate by 28% in the presence of both K+ and NHþ4 , most likely owing
to increased expression of the (Na+, K+)-ATPase a-subunit [49].
The most common osmoregulatory mechanisms used by crabs
acclimated to dilute seawater include decreased membrane water
permeability, decreased ion efﬂux rate associated with decreased
gill epithelial surface area, an increase in (Na+, K+)-ATPase and/or
carbonic anhydrase activities, release of intracellular osmotic effec-
tors like free amino acids and small peptides to the hemolymph,
and production of ammonia and/or hypo-osmotic urine
[33,63,64]. Our study demonstrates that low salinity acclimation
increases K+-phosphatase activity, much as seen with ATP [49].
The gill K+-phosphatase speciﬁc activity (69.2 ± 2.8 nmol min1 -
mg1) is 2.4-fold greater than in crabs in seawater (33‰ salinity),a ﬁnding conﬁrming those for other crustaceans that also show
greater hydrolytic activity in dilute media [33,59,60,65–67].
The high-afﬁnity binding sites often seen for ATP hydrolysis by
the crustacean (Na+, K+)-ATPase [55,57,68–71] were not disclosed
for p-nitrophenylphosphate hydrolysis, suggesting that they are
unavailable for cation binding to the E2 form of the C. ornatus en-
zyme. The apparent afﬁnity for p-nitrophenylphosphate of the en-
zyme from 21‰-acclimated C. ornatus (K0.5 = 2.3 ± 0.1 mmol L1) is
similar to that for fresh-caught C. danae [22], and freshwater- [21]
and 21‰-acclimated freshwater shrimp, M. olfersi [59]. In C. orna-
tus gill microsomes, p-nitrophenylphosphate and ATP are hydro-
lyzed at the same low-afﬁnity nucleotide binding site, as seen for
the mammalian (Na+, K+)-ATPase [20]. The respective Arrhenius
plot showing a break at 22.5 C [21] unequivocally demonstrates
that the hydrolysis of both substrates occurs in same microenvi-
ronment, as suggested for the (Na+, K+)-ATPase from Cancer pagu-
rus axonal plasma membrane [72]. The competitive inhibition by
ATP of the K+-phosphatase activity (inset to Fig. 4A) corroborates
this idea. However, ATP and p-nitrophenylphosphate are not nec-
essarily hydrolyzed at the same site [73], since FITC-inhibited
(Na+, K+)-ATPase does not hydrolyze p-nitrophenylphosphate.
While the FITC-inhibited enzyme does catalyze p-nitrophenyl-
phosphate hydrolysis in the presence of low trinitrophenyl-ATP
concentrations, supporting the notion of two different substrate-
binding sites, the fact that ATP is not hydrolyzed at the high-afﬁn-
ity sites of the labeled enzyme constitutes contrary evidence.
The partial inhibition by ouabain of total p-nitrophenylphos-
phatase activity suggests the presence of phosphohydrolyzing en-
zymes other than the (Na+, K+)-ATPase that can hydrolyze p-
nitrophenylphosphate under the experimental conditions em-
ployed. However, the single titration curve obtained with 105–
102 mol L1 ouabain excludes the presence of different (Na+,
K+)-ATPase isoforms. KI values for the inhibition by ouabain of
K+-phosphatase activity of the (Na+, K+)-ATPase from diverse
sources vary from 3 lmol L1 [14] to 200 lmol L1 [72]. Although
the KI for the marine shrimp Xiphopenaeus kroyeri is similar [42],
that for 21‰-acclimated C. ornatus (320 ± 10 lmol L1) is higher
and contrasts with fresh-caught C. danae [22] and M. olfersi [21]
that exhibit 4-fold lower KI values. The different values for oua-
bain-insensitive activity in 21‰- and 33‰-acclimated C. ornatus
suggest that acclimation also affects the activities of other ATP-
hydrolyzing enzymes present in the microsomal preparation.
While K+-phosphatase activation and dephosphorylation both
involve the hydrolysis of a phosphate bond and are stimulated
by K+, the side of the membrane from which K+ binds is thought
to be different in each case. K+ apparently activates the reaction
at the cytoplasmic sites to which Na+ usually binds, and inhibition
of enzyme activity by Na+ results from competition for these sites
[7,24,74]. However, ﬁndings postulating the presence of a third
cytoplasmic K+ site [27], may explain the ability of internal K+ to
stimulate dephosphorylation and also to activate phosphatase
activity associated with K+ binding to the additional cytoplasmic
K+ site. This site may stabilize the non-phosphorylated form of
the E2 conformation, which in turn would explain the inhibition
of ATP hydrolysis at low ATP concentrations by cytoplasmic K+
[23]. Our data (Table 2) showing that K+ afﬁnity decreases 10-fold
with increasing pH from 7.0 to 8.3 suggest that this particular site
is sensitive to protonation of the amino acid residues involved in K+
binding. This corroborates ﬁndings for Cancer pagurus axonal
membranes where V values are also pH dependent, while K0.5 val-
ues vary little [19]. Increased pH also increases K0.5 values for K+
stimulation of p-nitrophenylphosphate hydrolysis by canine kid-
ney (Na+, K+)-ATPase [24]. Skou [75] suggests that an increased
K+ afﬁnity associated with decreasing pH derives from the aug-
mented H+ concentration favoring an enzyme conformation that
preferentially binds K+. Our ﬁndings also suggest that Rb+ can sub-
Table 2
Kinetic parameters for the stimulation by PNPP, Mg2+, Rb+, K+, NHþ4 and pH of K
+-phosphatase activity in posterior gill microsomes from Callinectes ornatus acclimated to 21‰ or to
33‰ salinity (control) for 10 days. Assays were performed in 50 mmol L1 Hepes buffer, pH 7.5, in a ﬁnal volume of 1.0 mL. The effect of each modulator was evaluated under
optimal concentrations of the others (see legends to the ﬁgures). Data are the mean ± SD from three (N = 3) different microsomal preparations.
Modulator (Variable concentration) 21‰-acclimated crabs 33 ‰-acclimated crabs (control)
V (U mg1) K0.5 (mmol L1) nH V/K0.5 V (U mg1) K0.5 (mmol L1) nH V/K0.5
p-Nitrophenylphosphate 69.2 ± 2.8 2.3 ± 0.1 1.7 30.1 29.1 ± 1.4 1.3 ± 0.06 1.4 22.4
Mg2+ + 1 mmol L1 K+ 20.6 ± 0.4 0.44 ± 0.01 3.0 46.8 – – – –
Mg2+ + 2 mmol L1 K+ 42.5 ± 1.1 0.61 ± 0.02 1.7 69.7 – – – –
Mg2+ + 3 mmol L1 K+ 68.3 ± 2.1 0.44 ± 0.01 2.3 155.2 – – – –
Mg2+ + 5 mmol L1 K+ 70.1 ± 3.0 0.88 ± 0.04 1.9 79.6 27.8 ± 1.3 1.0 ± 0.04 1.7 27.8
Rb+ 105.6 ± 4.4 2.23 ± 0.09 1.6 47.4 – – – –
Rb+ + 1 mmol L1 K+ 102.5 ± 4.1 1.92 ± 0.08 1.4 53.4 – – – –
Rb+ + 5 mmol L1 K+ 97.2 ± 3.9 2.23 ± 0.09 1.4 43.6 – – – –
K+ + 10 mmol L1 Na+ 68.2 ± 2.1 5.6 ± 0.9 2.2 12.2 – – – –
K+ + 20 mmol L1 Na+ 68.8 ± 2.2 12.5 ± 1.7 1.9 5.5 – – – –
K+ + 50 mmol L1 Na+ 39.2 ± 0.9 29.5 ± 3.4 2.9 1.3 – – – –
NHþ4 90.8 ± 4.0 9.2 ± 0.3 1.9 9.9 32.2 ± 1.5 12.3 ± 0.4 2.2 2.6
K+ (pH 7.0) 65.7 ± 2.1 0.64 ± 0.02 2.7 102.6 – – – –
K+ (pH 7.3) 67.3 ± 2.2 1.02 ± 0.04 2.3 66.0 – – – –
K+ (pH 7.5) 69.6 ± 2.8 1.60 ± 0.07 2.0 43.5 28.0 ± 1.4 2.4 ± 0.1 1.9 11.6
K+ (pH 8.0) 68.8 ± 2.6 3.12 ± 0.30 2.5 22.0 – – – –
K+ (pH 8.3) 64.5 ± 2.0 6.0 ± 0.5 1.9 10.7 – – – –
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tase activity by Rb+, either alone or together with K+, is very simi-
lar. Further, decreasing pH increases Rb+ afﬁnity of the (Na+, K+)-
ATPase up to 10-fold, corroborating data for rat erythrocyte [76]
and Xenopus oocyte [77] (Na+, K+)-ATPases where (Na+, K+)-ATPase
protonation increases Rb+ afﬁnity.
The (Na+, K+)-ATPase requires millimolar Mg2+ concentrations
for optimal ATPase activity [13,78]. However, examining the inter-
action of Mg2+ with the (Na+, K+)-ATPase under physiological con-
ditions is taxing since, in the presence of both ATP and Na+, Mg2+
induces immediate phosphorylation of the enzyme [1,2]. Conse-
quently, Mg2+ binding cannot be separated from the phosphoryla-
tion reaction, precluding equilibrium binding studies. Thus, it
easier to study Mg2+ stimulation of (Na+, K+)-ATPase activity using
p-nitrophenylphosphate rather than ATP as the substrate. With
ATP, the measured activity is the sum of two effects: ﬁrst, Mg2+,
at low concentrations, is essential for furnishing the true substrate,
the ATP-Mg2+ complex [24]; second, Mg2+ binds to a speciﬁc site on
the enzymemolecule at the cytoplasmic face of the membrane [26]
activating ATP hydrolysis. According to Karlish [78] there is at least
one separate Mg2+-binding site important for both ATPase and p-
nitrophenylphosphatase activity. The K0.5 value of
0.88 ± 0.04 mmol L1 for stimulation by Mg2+ of the (Na+, K+)-ATP-
ase K+-phosphatase activity from C. ornatus gill tissue is very sim-
ilar to the vertebrate enzyme [14,79] and crab axon membranes
[72] which are similar those estimated using ATP [80]. Further,
steady state kinetic data for C. ornatus reveal that enzyme stimula-
tion by Mg2+ displays site-site interactions (nH = 1.9) in contrast to
the Michaelis–Menten behavior seen for crab axonal membranes
[19]. At concentrations above 3 mmol L1, Mg2+ apparently occu-
pies a second, inhibitory site on the enzyme, inhibiting both ATP
and p-nitrophenylphosphate hydrolysis. Seemingly, there is at
least one separate Mg2+ binding site important both to ATPase
and K+-phosphatase activities [78] to which K+ and Na+ can bind
[14,24]. In mammals, the inhibition by Mg2+ of (Na+, K+)-ATPase
activity has been attributed to binding to the E2K form, decreasing
afﬁnity for ATP at the rate limiting step of the reaction cycle
[81,82]. The inhibition of K+-phosphatase activity by free Mg2+
may also reﬂect competition between Mg2+ and K+ for the K+-acti-
vating sites of the phosphatase reaction [24].
NHþ4 stimulates K
+-phosphatase activity from mammalian
sources, apparently by substituting for K+ present at the same
binding sites [83]. However, K+ stimulation of p-nitrophenylphos-
phate hydrolysis by the C. ornatus enzyme results in a 6-fold great-er apparent afﬁnity compared to that of NHþ4 . A similar difference
in afﬁnity for these ions is seen in C. danae [22] and M. olfersi
[56]. Our ﬁndings reveal that while physiological K+ concentrations
increase enzyme afﬁnity for NHþ4 by about 28-fold, showing minor
changes in maximum rate, elevated NHþ4 concentrations increase
enzyme afﬁnity for K+ only 6-fold. However, increasing K+ concen-
trations also synergistically stimulate p-nitrophenylphosphate
hydrolysis by around 30% (Fig. 2; Table 1). Such synergistic stimu-
lation of p-nitrophenylphosphate hydrolysis is not seen in C. danae
[22],M. olfersi [59],M. amazonicum [60] or any other (Na+, K+)-ATP-
ase examined to date. Increasing NHþ4 concentrations in C. ornatus
hemolymph may induce an effect similar to that seen in C. danae
and may minimize inhibition by free Mg2+ by substituting for K+
[22]. Like other crustaceans [84], low salinity acclimation of C. orn-
atus may result in increased NHþ4 production. The increase in NH
þ
4
afﬁnity, associated with the synergistic Kþ=NHþ4 effect that further
increases NHþ4 apparent afﬁnity, may constitute an adaptive re-
sponse, augmenting NHþ4 transport and excretion.
The synergistic stimulation of K+-phosphatase activity by bothK+
andNHþ4 of the (Na
+, K+)-ATPase from the posterior gills of C. ornatus
acclimated to 21‰ salinity represents not only a novel property of
the crustacean enzyme, but is unprecedented compared to all previ-
ously described (Na+, K+)-ATPases. The enzyme’s kinetic behavior
suggests a second NHþ4 binding site in the E2 formwhose accessibil-
ity byNHþ4 is conformationdependent andK
+ regulated. TheNHþ4 in-
duced stimulation of p-nitrophenylphosphatase activity to similar
values independently of K+ concentration strongly suggests that
NHþ4 bindsboth to its ownsite and to theK
+ sites, and the lackof inhi-
bition by excess K+ suggests no competition between NHþ4 and K
+
[48,72,83] and substantiates our model suggesting that both NHþ4
andK+ bind to different sites. These ﬁndings also corroborate the no-
tion that the NHþ4 binding sites on the C. ornatus gill enzyme are
exclusive and function at full capacity regardless of hemolymph K+
concentration, since K+ cannot displace NHþ4 from its site(s).
The increase in speciﬁcity constant (V/K0.5) during synergistic
stimulation suggests that the effect of NHþ4 andK
+ on the cation sites
additionally stimulates p-nitrophenylphosphate hydrolysis, resem-
bling the mechanism of NHþ4 coupled transport [85]. Unlike the
mammalian enzyme, such asymmetrical synergistic stimulation by
K+ and NHþ4 of the crustacean gill (Na
+, K+)-ATPase can be seen in C.
danae [55], C. ornatus [58], hermit crab Clibanarius vitattus [57],mar-
ine shrimp Xiphopenaeus kroyeri [42] and M. olfersi [59], although
onlywhen using ATP as a substrate. Saturation of the K+ sites affords
maximum p-nitrophenylphosphate hydrolysis without the activa-
Fig. 6. Effect of K+ on stimulation of K+-phosphatase activity by Mg2+ and Rb+. Data
are the mean ± SEM (N = 3), obtained using duplicate aliquots containing 36.2 lg
protein, from three different gill homogenates. K+-phosphatase activity was
estimated in 50 mmol L1 Hepes buffer (pH 7.5), containing 10 mmol L1 PNPP, in
a ﬁnal volume of 1 mL. (A) Mg2+: (s) 1 mmol L1 KCl. (h) 2 mmol L1 KCl. (D)
3 mmol L1 KCl. (B) Rb+: (d) absent. (N) 1 mmol L1 KCl. (j) 5 mmol L1 KCl.
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E2 form that strongly bindsNHþ4 given the 28-fold increase in appar-
ent NHþ4 afﬁnity. p-Nitrophenylphosphate hydrolysis has been used
as ameasure of K+-bound conformations [86–88].While the speciﬁc
enzyme form that mediates p-nitrophenylphosphate hydrolysis re-
mains unclear, the additional increase of30% seen inVwithK+ plus
NHþ4 reveals that distinct binding sites on the enzyme are occupied
simultaneously by both ions.
Owing to the complexity of the cation interactions [16] seen
during the p-nitrophenylphosphate hydrolysis cycle in C. ornatus,
it is difﬁcult to provide a kinetic model suggesting how the crusta-
cean enzyme accomplishes K+-phosphatase activity. Further, the
existence of a threshold K+ concentration that triggers the appear-
ance of high-afﬁnity ATP hydrolysis sites, and a low-afﬁnity phos-
phorylation site present on the enzyme [69], reveal differences in
the catalytic mechanism compared to the vertebrate enzyme. The
mammalian (Na+, K+)-ATPase exhibits a biphasic curve for phos-
phorylation by ATP, revealed only when p-nitrophenylphosphate
is used as an exogenous, non-physiological enzyme inhibitor, andattributed to the formation of a tetramer bearing two distinct,
high- and low-afﬁnity, ATP-binding catalytic a-subunits that may
act cooperatively [89]. Thus, as seen in mammalian enzymes, the
C. ornatus gill enzyme may undergo multiple E2 subconformations
during p-nitrophenylphosphate hydrolysis. However, the interac-
tions occurring at the K+ sites and the response to NHþ4 are quite
different from other animal models.
Whether p-nitrophenylphosphatase activity can support cation
transport, even by the mammalian enzyme, is highly controversial
[10,90]. While K+ can be translocated using the energy released by
p-nitrophenylphosphate hydrolysis [91], Rb86 is not transported
[10,90]. Given that pNPP32Pi hydrolysis can generate phosphory-
lated intermediates [11,92,93], the inhibition of the reaction by free
phosphate, but not by p-nitrophenolate ion, suggests a reaction se-
quence inwhich the p-nitrophenolate ion is released before enzyme
dephosphorylation [83,94]. Apparently, the enzyme can translocate
K+ since PO43 plus Mg2+ supports K+/K+ exchange [7,95]. The most
common interpretation of the p-nitrophenylphosphate hydrolytic
cycle assumes that the external K+ gate is opened or closed with a
periodicity far lower than the rateofp-nitrophenylphosphatehydro-
lysis, allowingdiscreteK+ translocation [94], a hypothesis supported
by data showing inhibition of p-nitrophenylphosphatase activity by
tetrapropylammonium ions and free phosphate [94]. Finally and
similarly, while less efﬁcient than ATP hydrolysis, that of other syn-
thetic substrates like acetyl phosphate and furylacryloylphosphate,
and p-nitrophenylphosphate itself, sustains Ca2+ transport by the
sarco-endoplasmic reticulum Ca2+-ATPase [96–98].
Under speciﬁc environmental circumstances, such as low salin-
ity, estuarine and marine crustaceans may encounter ambient
ammonia concentrations that exceed hemolymph levels, facilitating
ammonia inﬂux, owing to their highly permeable gill epithelia [99].
This may have driven the selection of mechanisms for ammonia
excretion against its gradient. While ammonia excretion and active
transport are not necessarily directly coupled in crabs [100], expo-
sure to elevated ammonia may lead to the substitution of K+ by
NHþ4 [101]. Acute exposure of the estuarine crab Chasmagnathus
granulata to ammonia showshemolymphammonia to be lower than
ambient ammonia [102], revealing putative NHþ4 transport. In Calli-
nectes ornatus, using PNPP as a substrate, the increased K+ afﬁnity of
the enzyme by increased NHþ4 guarantees K
+ transport into the cell
from the hemolymph even in low salinitywhere extracellular K+ de-
creases by 33% [49]. Maximal rate, V, also increases with increasing
NHþ4 , indicating a separate binding site for NH
þ
4 on the enzyme. Like
K+, NHþ4 is actively transported by the vertebrate enzyme [103], and
can substitute for K+ in Na+ transport in Callinectes sapidus [101]. To-
gether, these characteristics may assure adequate K+ transport into
the cell against reduced extracellular K+. Thus, at low salinity, (Na+,
K+)-ATPase activity may contribute to K+ transport, assuring that
exposure to elevated ammonia titers does not lead to a decrease in
intracellular K+ [101]. The K+/NHþ4 synergism seen when using ATP,
may represent an adaptation for ammonia excretion [42,55–58].
However, whether the same synergism seen for K+-phosphatase
activity of low-salinity acclimated crabs represents an adaptive
physiological mechanism remains to be investigated.
The crustacean gill epithelium continues to provide a rich bio-
logical model in which to investigate a multitude of interesting ki-
netic regulatory abilities and responses. The (Na+, K+)-ATPases
from the different taxonomic groups examined to date clearly ex-
hibit different kinetic behaviors and site-site interactions, and their
comparative investigation should help to elucidate the nature of
the biochemical processes underlying osmoregulatory ability.
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